1. Introduction {#sec1-sensors-20-03314}
===============

There are numerous applications where sensors are widely used, such as air conditioners and humidifiers, industrial process control, medical science, food production, agriculture, weather bureaus, meteorological, and marine monitoring \[[@B1-sensors-20-03314],[@B2-sensors-20-03314],[@B3-sensors-20-03314],[@B4-sensors-20-03314],[@B5-sensors-20-03314],[@B6-sensors-20-03314],[@B7-sensors-20-03314],[@B8-sensors-20-03314],[@B9-sensors-20-03314],[@B10-sensors-20-03314],[@B11-sensors-20-03314],[@B12-sensors-20-03314]\]. They require precisely controlled humidity levels and rely on accurate and fast humidity sensing. Electronic humidity sensors are cheaper, lighter, and smaller compared to existing infrared humidity sensors, which makes them more suitable for sensor networks. Portable, reliable, and low-cost humidity sensors play an important role in our day-to-day life, including in industry, agriculture, environmental fields \[[@B13-sensors-20-03314]\], and medical devices \[[@B2-sensors-20-03314]\]. Nonetheless, high-precision, accurate, fast-response humidity sensors are important \[[@B14-sensors-20-03314]\]. Accuracy and precision are the most important characteristics of a humidity sensor. Several problems can occur while using humidity sensors for humidity detection, such as low sensitivity, delayed response and recovery times, less stability, and narrow humidity detection ranges.

Commercial hygrometers, such as polymer condensation sensors \[[@B2-sensors-20-03314]\], cannot detect actual dew condensation because their working principle is based on absorbing water molecules of vapor in the atmosphere with hygroscopic material. They cannot distinguish between vapor and liquid phases of water. They need some time to reach stable values and beyond 80% relative humidity, the reliability of measurement is decreased. The water droplet size plays a crucial role in the measurement and control of condensation, and some cannot distinguish their shape and size. A few commercial techniques can determine the diameter of water droplets, but only those droplets larger than 10 μm. The chilled mirror dew point hygrometers \[[@B2-sensors-20-03314]\], whose detection principle is based on changes in reflection due to the formation of dew, which is not a direct and precise method for detection. Furthermore, the apparatus used for measurement are often large and multiple devices have to be fixed for their functional operation. There exist no commercial technologies for detecting small water molecules yet (≈0.5 μm or less). Additionally, to maintain an optimal environment, it is essential to have a suitable humidity sensor that can precisely detect and control the ambient environment under different conditions, including an abrupt change of temperature \[[@B15-sensors-20-03314]\]. A humidity sensor optimized for measurement with high accuracy and precision is highly desired \[[@B16-sensors-20-03314]\]. [Table 1](#sensors-20-03314-t001){ref-type="table"} shows the comparison of various commercial sensors used for measuring humidity and dew condensation.

In this context, NIMS (National Institute for Materials Science) has developed a small, portable, reliable moisture sensor that can detect and measure the diameter of a microscale/sub-microscale water droplet by measuring the current that flows spontaneously due to galvanic action with high sensitivity and high accuracy \[[@B17-sensors-20-03314]\]. It measures the galvanic current generated across the electrodes, where a drop of water establishes a bridge-like structure. The electrodes are thin wires (arrays) of dissimilar metals arranged in gaps. By using a semiconductor fabrication process, the gap can be aligned to a relatively fine scale that is micro/submicron in size, leading to high detection sensitivity. The sensor can show an instantaneous signal upon the introduction of water molecules/droplets (within 20 milliseconds) on the sensor surface and turns off on complete evaporation, leading to a quick response. With a lower spacing between the electrodes, such as 0.5 μm, the sensor can even detect much smaller water molecules \[[@B18-sensors-20-03314]\]. Further, the sensor's surface \[[@B19-sensors-20-03314]\] and the sensor as a whole can be modified to the actual target \[[@B20-sensors-20-03314]\]. By using these features, this sensor is expected to detect dew condensation with high accuracy at an early stage and is catered to the actual target. We have demonstrated the detection of micro/nano-sized water droplets with a quick response of 200 ms \[[@B18-sensors-20-03314]\] and the improvement of its sensitivity and accuracy via the modification in the surface of the sensor chip \[[@B19-sensors-20-03314]\]. Additionally, we suggested the prediction of dew condensation from sensing behavior at different but steady humidity around 100%. So far, the temperature of this sensor was kept constant in almost all cases when its sensing behavior was investigated. Since the current response from this sensor depends on the state (shape and size) of water molecules/droplets present on the sensor's surface, it is necessary to understand and establish the relationship between the water droplet's state and its corresponding current response.

In this study, we demonstrated a highly sensitive moisture sensor that can detect water molecules, in addition to water droplets, and therefore, can predict dew condensation before the formation of water droplets. It is very important to clarify the effects of cooling rate on dew condensation as targets can have different responses to the cooling rates depending upon their heat capacity, and ultimately the dew condensation. Here, we have studied the relationship between the output response from the sensor and factors, such as cooling rate of the sensor's surface and vapor pressure in the chamber, that affect the performance of the moisture sensor, and clarified the effect of the cooling rate of sensor's surface on the current response of the moisture sensor corresponding to the stacking of adsorbed water molecules. We have demonstrated the performance, sensitivity, and accuracy of the sensor when measuring small water molecules. We presume that the present research can address the demands for a precise and accurate moisture sensor and stimulate new experimental research in terms of better sensitivity and low response time and try to explore its potential for future humidity-sensing applications.

2. Materials and Methods {#sec2-sensors-20-03314}
========================

2.1. Preparation of the Sensor Chip {#sec2dot1-sensors-20-03314}
-----------------------------------

The sensor chip was made using a semiconductor microfabrication technique \[[@B17-sensors-20-03314]\], as demonstrated in [Figure 1](#sensors-20-03314-f001){ref-type="fig"}a. The sensor had a two comb-shaped structure made of two different metals intercalating with each other with a narrow gap in between each electrode. These comb-like structures were placed on the surface of SiO~2~-coated Si wafer (3-inch Si(100) wafer with thermally oxidized SiO~2~ (200 nm) layer and conductivity p-type, 1--10 ohm cm) with a 4-inch diameter used as the substrate. The coating of the Si wafer with an insulating layer of silicon oxide was performed via thermal oxidation. Photolithography and metal deposition processes were implemented to fabricate the inter-digit arrays made of gold (Au) (purity: "4Nup") and aluminum (Al) (purity: "4N") metals facing each other on a silica layer, as shown in [Figure 1](#sensors-20-03314-f001){ref-type="fig"}. Then, chips approximately 5 mm in size were cut out of the processed wafer. A schematic illustration of the arrays' placement is shown in [Figure 1](#sensors-20-03314-f001){ref-type="fig"}b. The electrode gap was set at 0.5 μm. The width and the thickness of electrodes were 1 μm and 150 nm, respectively, and the number of electrode pairs was 50.

2.2. Introduction of Droplets on the Sensor's Surface {#sec2dot2-sensors-20-03314}
-----------------------------------------------------

[Figure 2](#sensors-20-03314-f002){ref-type="fig"} shows the overall scheme of the experimental setup. To conduct the measurement, the precise control of humidity and temperature was required; therefore, we used a custom-made setup. A measurement device with a moisture sensor was placed in a measurement chamber. The relative humidity of the chamber was controlled by a precise humidity control generator (Micro Equipment Inc., me-40DPRT-2FM-MFC, Tokyo, Japan). Then, the measurement chamber was connected to another chamber with the same volume in series on one side with a hygrometer attached. Using this set up, we measured the temperature and humidity precisely using a capacitive hygrometer (E + E Elektronic/EE23, Austria). Humidity-controlled air at 50--90% relative humidity (RH) with a flow rate of 200 nccm was introduced into the chamber. Then, dew condensation was induced on the sensor surface by cooling the backside of the sensor using a Peltier device (Ampere Co., Ltd., Tokyo, Japan), which cooled the surface from 35 °C at different cooling rates (0.4 to 16.2 °C/min). The temperature of the sensor was estimated using the Pt wires on the sensor chip from the correlation line of its temperature and electrical resistance, in advance of the actual experiment.

2.3. Measurement of the Sensor Output {#sec2dot3-sensors-20-03314}
-------------------------------------

The sensor chip was attached to a custom-made measurement unit ([Figure 2](#sensors-20-03314-f002){ref-type="fig"} and [Figure 3](#sensors-20-03314-f003){ref-type="fig"}). The current was measured using a hand-made device that included a 20-bit, octal channel, current-input analog-to-digital (A/D) converter (DDC118, Texas Instruments, Tokyo, Japan) that could measure currents in the fA to µA range. The data was then collected as time--current data using the software on the PC (the platform is Processing and we have made program by ourselves according to our need). The output of this device was calibrated using a semiconductor evaluation instrument (Agilent Technologies B1500A, Agilent Technologies, Tokyo, Japan).

3. Results and Discussion {#sec3-sensors-20-03314}
=========================

[Figure 4](#sensors-20-03314-f004){ref-type="fig"} shows the output current when the temperature of the sensor's surface was cooled down from 35 °C at 0.5 °C/min rate, at 1.54 kPa vapor pressure, and with a 90% relative humidity inside the measurement chamber.

[Figure 4](#sensors-20-03314-f004){ref-type="fig"} shows that the current immediately started increasing gradually when the sensor's surface was cooled at a rate of 0.5 °C /min under a humidity-controlled environment. The sensor showed a steadily increasing output response, even before the dew condensation started (dew point = 22.5 °C). The water molecules presumably started to appear on the cooled sensor surface and formed thin films bridging the two dissimilar electrodes to generate a galvanic current \[[@B18-sensors-20-03314]\]. The moisture sensor was very fast at showing an output response in comparison to a hygrometer. The calculated relative humidity near the sensor's surface (black line) reached 100% at a point (dew point = 22.5 °C); beyond this point, the response further increased abruptly due to the formation of water droplets \[[@B19-sensors-20-03314]\]. From this observation, it can be said that it was possible to detect minute and relatively gradual changes in humidity with high accuracy and high speed. Therefore, the moisture sensor could precisely detect the dew condensation in advance such that necessary preventive measures can be realized, unlike with a commercial hygrometer.

Dependence of the Sensor's Output on Vapor Pressure and Cooling Rates of the Sensor's Surface
---------------------------------------------------------------------------------------------

The sensor's surface was cooled from 35 °C at different rates and the output currents were observed at 2.73 kPa and 1.54 kPa vapor pressures inside the chamber. [Figure 5](#sensors-20-03314-f005){ref-type="fig"} shows the overall results of the variation of output current with a change in humidity near the sensor's surface and the cooling rates of the sensor's surface.

When the surface of the sensor was cooled, a rise in current from the background level was observed at all cooling rates and vapor pressures studied ([Figure 5](#sensors-20-03314-f005){ref-type="fig"}a,b). It was found that the slower the cooling rates, the slower the increase in current, and the higher the cooling rates, the higher the output current, while keeping other parameters constant. At a 2.73 kPa vapor pressure, three types of increasing trends were observed: (A) black lines, (B) blue lines, and (C) green line ([Figure 5](#sensors-20-03314-f005){ref-type="fig"}a). Similar current trends were observed at a 1.54 kPa vapor pressure too: (A) black lines and (B) blue lines ([Figure 5](#sensors-20-03314-f005){ref-type="fig"}b). However, as the cooling rate was further increased (5.4 °C/min and beyond), a slightly different trend was observed, namely the (D) red lines in [Figure 5](#sensors-20-03314-f005){ref-type="fig"}b, where the output current became almost constant and later decreased.

The slope remained linear relative to the change in temperature and humidity, which means it was very sensitive toward the change in temperature and humidity, where the output response could be detected with high speed and high accuracy from the moment the cooling starts. In conclusion, the sensor instantaneously generated a current response due to the adhesion of minute water molecules/droplets in between the electrodes, and the current depended on the coverage status of the sensor surface, i.e., bridging the space between the electrodes. These results showed that the output response was dependent on the cooling rate of the sensor's surface, as well as the vapor pressure of the chamber.

To explain the reasons behind the variations in the output from the sensor as a function of cooling rates and the vapor pressure, the corresponding accumulated charge was calculated as a function of the temperature of the sensor's surface at cooling rates of 0.5 °C/min and 11.8 °C/min at both 2.73 kPa and 1.54 kPa vapor pressure. [Figure 6](#sensors-20-03314-f006){ref-type="fig"} shows the overall results.

The plots of the accumulated charge as a function of the temperature of the sensor's surface show that for both vapor pressures, as the cooling started, there was an accumulation of charge along the surface, increasing the current response. When we closely observe the trend in [Figure 6](#sensors-20-03314-f006){ref-type="fig"}, at 2.73 kPa (gray and blue) and 1.54 kPa (black and red), at almost the same cooling rate (black and gray) and (blue and red), it was found that the accumulated charge was comparatively higher in the case of the high vapor pressure, corresponding to the same temperature of the sensor's surface. It was due to the availability of a higher number of water molecules suspended in the humidity-controlled air in the chamber at a higher vapor pressure. Here, the adsorption of water molecules, but not water droplets, was expected since the liquid water droplet was not visible on the sensor's surface between the electrodes in the optical micrographs, yet an increase in the output current was observed before 100% RH ([Figure 7](#sensors-20-03314-f007){ref-type="fig"}b). It has been shown through other techniques, such as QCM (Quartz crystal microbalance), that the theory of the adsorption of water molecules with an increase in relative humidity in the chamber before dew-condensation occurs before 100% RH is correct \[[@B21-sensors-20-03314],[@B22-sensors-20-03314]\]. Therefore, the probable mechanism for the difference in the output current as a function of cooling rates at different vapor pressures can be visualized as in [Figure 7](#sensors-20-03314-f007){ref-type="fig"}a.

At both 1.54 kPa and 2.73 kPa vapor pressures, when cooling the sensor's surface at lower cooling rates, the output current trend suggested that at first, the water molecules were adsorbed in between the electrodes and were further stacked vertically and horizontally in layers, increasing the current ([Figure 5](#sensors-20-03314-f005){ref-type="fig"}(A) and [Figure 7](#sensors-20-03314-f007){ref-type="fig"}(A)). With increasing cooling rates, water molecules preferred vertical stacking in comparison to horizontal stacking such that minimal horizontal stacking occurred ([Figure 5](#sensors-20-03314-f005){ref-type="fig"}(B) and [Figure 7](#sensors-20-03314-f007){ref-type="fig"}(B)). With further increases in the cooling rates, especially at the lower vapor pressure, the preference of water molecules for vertical stacking over horizontal stacking was more than in (B). Then, the current became almost constant and a slight decrease was observed with a further increase in the cooling rates (red lines in [Figure 5](#sensors-20-03314-f005){ref-type="fig"}b and [Figure 7](#sensors-20-03314-f007){ref-type="fig"}a(D)). The low vapor pressure meant fewer water molecules were available in the humidity-controlled air within the chamber, and hence, there was a limitation in the exchange of water molecules in between the vapor state and the adsorbed water molecules.

To compare the sensor's sensitivity and accuracy, the temperature at which its output current reached twice its background current (to avoid noise) under controlled humid conditions was plotted against the cooling rates of the sensor's surface at both vapor pressures (1.54 kPa and 2.73 kPa). [Figure 8](#sensors-20-03314-f008){ref-type="fig"} shows the overall results.

It was found that the sensor showed an instantaneous output response and the temperature showed a linear relationship with the increase in cooling rate, even before the dew point. This means that it could detect water molecules well before the adsorption of water droplets, which is dew condensation. This allowed for the advanced detection of dew condensation and steps could be undertaken to avoid the adverse effects of dew condensation. From these results, it is suggested that the moisture sensor can be used for early dew detection through a wide range of environments with high accuracy.

Therefore, this research has shown that the moisture sensor showed a clear sensitivity and quick response regarding the detection of invisibly small water molecules. The output response (sensing response) from the sensor was due to the galvanic effects from the introduction of a liquid film of water molecules that bridged between the two dissimilar electrodes. The moisture sensor was very quick in responding to the water molecules attached to the sensor surface at different vapor pressures through a wide range of cooling rates, even before the actual dew condensation occurred. The output response was very accurate compared to the ambiguous response from the commercial hygrometer. We could modify and adjust the sensor, temperature, and humidity conditions to target actual droplet formation and control the sensing response.

4. Conclusions {#sec4-sensors-20-03314}
==============

The main conclusions of this study are as follows:The moisture sensor showed high sensitivity and accuracy toward the detection of adsorbed water molecules in addition to water droplets.Even in a phase preceding dew condensation, the adsorption of water molecules could be detected.The relationship between the output response with variations of the cooling rate, initial temperature of the sensor's surface, and water vapor pressure was clarified. The higher the cooling rate and vapor pressure, the higher the output response from the sensor.The response of the moisture sensor to the variation in cooling rates allowed for the prediction of prior dew condensation, which depends upon the heat capacity of the targets.The experimental parameters and conditions were optimized for the advanced dew/humidity detection.

This research has successfully reported a quick and accurate sensor response toward an attachment of invisibly small water molecules. The response was dependent on several parameters, such as cooling rate and vapor pressure, and was fast enough to detect water molecules before dew condensation occurred. Therefore, the desired degree of sensitivity and accuracy toward the detection of water molecules can be acquired by setting the parameters, and performance that is far better than the commercial hygrometer can be achieved. Therefore, this moisture sensor can find applications in the food and automobile industry, and several other applications, that rely on accurate and fast humidity sensing.

The authors are grateful to NAMIKI Foundry for access to their complete services for the fabrication of the sensor chips.

Conceptualization, J.K. and Y.K.; methodology, Y.K.; software, Y.K. and J.K.; validation, J.K., Y.S., and Y.K.; formal analysis, J.K., R.G.S., and Y.K.; investigation, Y.K. and J.K.; resources, J.K. and Y.S.; data curation, J.K., R.G.S., and Y.K.; writing---original draft preparation, R.G.S.; writing---review and editing, J.K. and R.G.S.; visualization, J.K. and Y.S.; supervision J.K. and Y.S.; project administration, J.K. and Y.S.; funding acquisition, J.K. and Y.S. All authors have read and agreed to the published version of the manuscript.

This research is supported by PRISM (Public/Private R&D Investment Strategic Expansion PrograM), Cabinet Office, Japan and M-CUBE project in NIMS (National Institute for Materials Science), Japan.

The authors declare no conflict of interest.

![(**a**) Schematic flow of the fabrication process of a sensor with the arrangement of Al and Au electrodes on the SiO~2~ substrate, and (**b**) the structure and placements of electrodes.](sensors-20-03314-g001){#sensors-20-03314-f001}

![Schematic diagram showing the experimental setup for the introduction/adsorption of water droplets onto a moisture sensor by introducing humidity-controlled air while measuring the current. The sensor was cooled using a Peltier device from 35 °C to 0 °C. For a precise generation of the defined relative humidity at a defined air temperature, a humidity generator was used. The preset humid air was then passed in with a flow rate of 200 nccm.](sensors-20-03314-g002){#sensors-20-03314-f002}

![Schematic diagram showing the measurement of the sensor output.](sensors-20-03314-g003){#sensors-20-03314-f003}

![Output current over time (red line) as the sensor's surface was cooled from 35 °C to ≈ 0 °C at 0.5 °C/min, at 1.54 kPa vapor pressure, and with a 90% relative humidity inside the measurement chamber.](sensors-20-03314-g004){#sensors-20-03314-f004}

![Output response (current) as a function of the temperature of the sensor's surface being cooled at different cooling rates from 35 °C at (**a**) 2.73 kPa and (**b**) 1.54 kPa vapor pressure (VP). The output has been shown till 100% relative humidity in each case. The types of current increasing trends observed at 2.73 kPa and 1.54 kPa vapor pressure have been assigned (**A**) for black lines, (**B**) for blue lines, (**C**) for green line, and (**D**) for red lines.](sensors-20-03314-g005){#sensors-20-03314-f005}

![The accumulated charge as a function of the temperature of the sensor's surface being cooled at 0.5 °C/min or 11.8 °C/min rates from 35 °C at 2.73 kPa or 1.54 kPa vapor pressure.](sensors-20-03314-g006){#sensors-20-03314-f006}

![(**a**) Scheme showing the probable reasons for the difference in output current as a function of cooling rates at different vapor pressures and (**b**) an optical micrograph of the sensor's surface with a 0.5 mm gap between the electrodes at 70% RH near the sensor's surface.](sensors-20-03314-g007){#sensors-20-03314-f007}

![The temperature at which the sensor reached twice the background current as a function of the cooling rates of the sensor's surface at 2.73 kPa (red data points) and 1.54 kPa (blue data points) vapor pressures.](sensors-20-03314-g008){#sensors-20-03314-f008}

sensors-20-03314-t001_Table 1

###### 

Comparison of various commercial sensors used for measuring humidity and dew condensation with a moisture sensor.

  ---------------------------------------------------------------------------------------------------
                                 Hygrometer        Dew Sensor     Dew Point Meter   Moisture Sensor
  ------------------------------ ----------------- -------------- ----------------- -----------------
  Detection of droplet (dew)     Not possible      Not possible   Possible          Possible\
                                                                                    (\>0.2 μm)

  Response time                  10 s              10 s           about a min       \<0.02 s

  Control of sensor's material   Limited control   Not possible   Not possible      Possible

  Size                           Palm              Palm           Desktop           Palm
  ---------------------------------------------------------------------------------------------------
